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TECHNICAL 

1. 1nt :pduct ion : 

The s t a t u s  report' submitted June 24, 1965 descr ibed t h e  i n i t i a l  

phases of work begun (nominally) January 1, 1965, under four headings 

t h e r e  numbered a s  follows: 

2. Spec t r a l  measurements 

3. Chemical i nves t iga t ions  

4. Omnidirectional i r r a d i a t i o n  

5 .  Sundry inves t iga t ions  

Further  s t u d i e s  under each heading are now reported.  

2. Spec t r a l  Measurements : 

The previous submission ou t l ined  t h e  well-known mat r ix  invers ion  

method of "unscramblingtv complex s c i n t i l l a t i o n  pulse-height s p e c t r a  and 

descr ibed t h e  work then under way t o  obta in  a response matrix. This 

work has been continued and expanded i n  s e v e r a l  ways: 

a )  The Victoreen "SCIPPv1 400-channel analyzer  acquired j u s t  

before  submission of  SR1 has been brought i n t o  r e l a t i v e l y  

t rouble- f ree  operat ion and an e n t i r e l y  new set of c a l i b r a t i o n  

s p e c t r a  ( including those  of t h e  previously-unavailable Ce-141 

and Sr-85 nucl ides ,  with gamma-lines a t  0.145 and 0.513 MeV, 

respect ively")  was taken with a s ide-shielded b u t  otherwise 

uncollimated 3" x 3" NaI(T1) c r y s t a l ;  t he  c a l i b r a t i o n  s p e c t r a  

previously reported were discarded because of uncer ta in  opera- 

t i o n  of the  analyzer.  The sources  were prepared by evaporat ini  

)Referred t o  i n  t h e  following as SRl .  

%kliZrat im l ises a x  ROW availxhle a t  0.145, 0.279, 0.320, 0.411, 0.513, 
0.662, 0,840 and 1 . 1 2  MeV and are der ived from measurements made with 
Ce-141, He-203, Cr-51, Au-198, Sr-85, Cs-137, %HS and Zn-65. 
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aqueous so lu t ions  t o  dryness on "Mylar" f i l m ,  g iv ing  e s s e n t i a l l y  

sca t te r - f ree  conditions.  

a Fluke model 413-C prec is ion  high-volts-e supply w a s  s u b s t i t u t e d  

f o r  t h e  b u i l t - i n  analyzer  u n i t  i n  order  t o  minimize gain d r i f t  

t r aceab le  t o  photomult ipl ier  vo l tage  va r i a t ions .  

A l l  s p e c t r a  were taken a t  cons tan t  gain;  

The matrix elements were found by measurinp t h e  apeas enclosed 

between ad jacent  p a i r s  of o rd ina te s  e rec t ed  a t  the  mareins of t h e  

des i r ed  energy-intervals,  a f t e r  normalizat ion of t h e  s p e c t r a l  

area t o  t h e  c r y s t a l  e f f i c i ency  a t  the  c a l i b r a t i o n  energy; equal  

o r d i n a t e  sepa ra t ions  o r  "bin-widths" were used i n  cons t ruc t ing  t h i s  

first matrix,  whereas bin-widths which var ied  with e n e r q  were 

used i n  la ter  versions (see Sec t ion  2(b)) .  Since t h e  c a l i b r a t i o n  

spec t r a  are l imi t ed  in  number, a cmod d e a l  of i n t e r p o l a t i o n  is 

c a l l e d  f o r ,  t h e  mre so because of the  presence o f  backsca t te r  

and x-ray peaks - the  l a t t e r  a r i s i n g  no t  only from c e r t a i n  cali- 

b r a t i o n  sources  (e.g, Cs-137) bu t  a l s o  from e x c i t a t i o n  of atoms 

i n  t h e  c r y s t a l  sh ie ld .  

by t h e  fact  t h a t  it is poss ib l e  t o  obta in  more l ine-shapes than 

t h e r e  are nuc l ides  by proper in t e r - sub t r ac t ion  of spectra having 

common l i n e s .  For example, manipulation of Rb-86, Sc-46 and Zn-65 

s p e c t r a  w i l l  y i e l d  t h e  shapes of  t h r e e  l i n e s  - althou?h only one 

of the  nuc l ides  is s t r i c t l y  monoenergetic - because a l l  t h r e e  ex- 

h i b i t  a l i n e  very c lose  t o  1.1 MeV. S imi la r ly  t h e  a v a i l a b i l i t y  of  

Sr-85, which emits a gamma-ray whose energy (0.513 MeV) is  f o r  a l l  

2 r a c t i c a l  purposes i d e n t i c a l  with t h a t  of a n n i h i l a t i o n  r a d i a t i o n ,  

permits  t he  sub t r ac t ion  of  a n n i h i l a t i o n  cont r ibu t ions  frorr! t h e  

s p e c t r a  of positron-emittin!T nucl ides  such as Zn-65, where t h e  

presence of t h e  perturbin; l i n e  would otherwise b e  troublesome. 

Some s i m p l i f i c a t i c n  is introduced,  however, 
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The r e l a t i v e l y  coarse a r r a y  (energyobins 0.15 MeV wide) ob- 

ta ined  by these  techniques was inver ted  on t h e  Department of 

Biometry's RET-4000 computer* t o  y i e l d  t h e  response mat r ix  (M-l) ; 

t h e  product (M)(M'l) has u n i t  elements t o  one p a r t  i n  10  . 
of recons t ruc t ion  work  (see Sect ion 4) on t h e  f u l l - s i z e  phantom 

manipulator descr ibed i n  SR1, spectra could not conveniently be 

taken fro= a man-like source and t h e  inverse  matrix was 

t he re fo re  appl ied  t o  the  s tudy of s c a t t e r i n g  effects i n  a n  extended 

s lab- l ike  source which, though of s impler  shape, was never the less  

b i g  enough t o  s imulate  t h e  maximum spectral d i s t d o n  l i k e l y  t o  be 

encountered i n  any anthropomorphic s i t u a t i o n .  

(Fig. 1) cons i s t s  o f  an inner  polythene tank measuring 46 x 31 x 30 

cm, surrounded by another measuring 62 x 46 x 45 cm. The inner  tank 

was f i l l e d  with aqueous r ad ioac t ive  so lu t ions  t o  various depths 

and at  each depth could be surrounded with i n a c t i v e  o r  a c t i v e  

l i qu ids  placed i n  t h e  space between two tanks.  

6 Because 

The apparatus used 

Fig. 2 shows pulse-heipht spec t r a  obtained i n  t h i s  way, us ing  

The lower curve was taken from a poin t  source i n  v i r t u a l l y  Zn-65. 

scatter-free condi t ions,  while t h e  upper one shows t h e  pulse-height 

spectrum cbtained when t h e  i nne r  tank was f i l l e d  with a c t i v e  solu- 

t i o n  t o  a depth of 25 cm.  

counts i n  t h e  t o t a l  absorption peak; t h e  spec t r a  taken a t  interme- 

d i a t e  thicknesses  l i e  between t h e  extremes shown , with s u r p r i s i n r l y  

l i t t l e  d i f fe rence  i n  shape f o r  source thicknesses  greater than 

5 cm. 

The curves are normalized t o  equal 

31 am indebted t o  Prof. S. J. Ki lpa t r ick  f o r  providing computer time and 
propanmine serv ices .  
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A t  first si&t, the upper curve seems t o  i n d i c a t e  t h e  presence 

of a l a r g e  sca t te red- rad ia t ion  component. 

lower spectrum, pulses  occurr inF below t h e  to ta l -absorp t ion  peak 

( i n  a reg ion  such a s  A )  do not  r ep resen t  t h e  a r r i v a l  a t  t h e  c r y s t a l  

of low-energy photons, s i n c e  scatter-free condi t ions ob ta in ,  b u t  

are due t o  incomplete absorpt ion o f  full-enerpy pr imar ies ;  bea r inp  

t h i s  i n  mind, it is seen t h a t  pulses i n  recion A of the  degraded 

spectrum m u s t  r e s u l t  only p a r t l y  from ca ta s t roph ic  absorp t ion  of 

d e s a d e d  photons of  t h a t  energy, t h e  balance a r i s i n g  from 

However, even i n  t h e  

(a> Compton in t e rac t ions  (wi th in  t h e  c r y s t a l )  of undepaded 

photons - exac t ly  as i n  t h e  scatter-free case.  

Compton i n t e r a c t i o n s ,  i n  t he  c r y s t a l ,  of photons whose 

energy was reduced t o  a value exceeding A dur ing  escape 

from t h e  phantom. 

( b )  

The matr ix  invers ion  method allows these  f a c t o r s  t o  be separa ted  

ou t ,  and on mul t ip l i ca t ion  of the pulse-height spectrum ( repre-  

sen ted  as a column matrix) with M'l ,  t h e  t r u e  photon spectrum 

shown i n  Fig. 3 is obtained. It is  now seen t h a t  t h e  r e l a t i v e  

con t r ibu t ion  of s c a t t e r e d  photons is considerably less than a first 

examination of t h e  pulse-heipht spectrum would l ead  one t o  assume. 

Knowing t h e  energy-dependence of t h e  counters with which t h e  

extended-source measurements are t o  be =de, t h e  inf luence  of 

d e p a d e d  photoris on the  response can be allowed for ,  s i n c e  t h e  

r a t i o  E i / E t  of t h e  indicated and t r u e  exposures is given by 

where p ( k )  is the  mass-absorption c o e f f i c i e n t  of air  a t  photon 

energy k, N(k)Ak i s  t h e  photon f luence  i n  an enerqr - in te rva l  4 k 
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centered about k, and R(k) is t h e  response of the d e t e c t o r ,  defined 

as t h e  reading  ( i n  exposwe u n i t s )  obtained when t h e  t r u e  exposure 

a t  energy k is unity. 

The counters  used  (see Sec t ion  4(b) )  are small-volume halogen- 

quenched Geiger-Mhler b r a i n  probes ("Selverstone" probes) ,  air- 

and decane-f i l led ion iza t ion  chambers, and an anthracene-crystal  

s c i n t i l l a t i o n  counter .  Measurements of R(k) are now i n  progress  

for  t h e  GM counters ,  us ing  t h e  a i r  i o n i z a t i o n  chamber as an i n t e r -  

comparison device; because t h e  electrometer is capable of measurinp 

cu r ren t s  over a very wide range ( a t  least  e i e h t  powers of t e n )  one 

can compare t h e  chamber enera- response  with t h a t  of NBS-calibrated 

x-ray chambers at  high i n t e n s i t i e s ,  l a te r  comparing the  response 

of the  chamber with t h a t  of  t h e  G-M counters  a t  low i n t e n s i t i e s .  

I n  t h i s  way, t h e  e n e r a  dependence of t h e  GM probes (and, of 

course, of t h e  ion iza t ion  chamber) can be  r e f e r r e d  t o  NBS f i g u r e s ,  

Although t h i s  work is  not  complete, it is poss ib l e  t o  estimate 

t h e  inf luence  of s p e c t r a l  d i s t r i b u t i o n  on t h e  G-M counter response 

by not ing t h a t  t h e  number of counts pe r  roentgen as a func t ion  of  

photon energy i s  of t h e  form s h a m  i n  Fig. 4 ( S i n c l a i r ,  19501 where 

t h e  r e s u l t s  fo r  counters  with two d i f f e r e n t  cathode materials are 

given. The cathode of t h e  Lionel  type  155 probe used i n  t h e  pre- 

s e n t  work is  made of s t a i n l e s s  s t e e l ,  whose e f f e c t i v e  atomic number 

l i es  between t h a t  of aluminum and copper, and it is  t h e r e f o r e  rea- 

sonable  t o  assume t h a t  t h e  counter readings w i l l  l i e  between those  

which would be obtained i n  t h e  two extreme cases shown i n  Fig. 4. 

The value of E i /E t  f o r  a copper-cathode counter exposed t o  t h e  

f l u x  of Fig. 3 is 1.03, while for  an aluminum cathode it is 0.98, 

i n d i c a t i n g  t h a t  t he  effect of s c a t t e r e d  r a d i a t i o n  is n e g l i g i b l e  if 
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t h e  s p e c t r a l  d i s t o r t i o n  does not appreciably exceed t h a t  

shown i n  FiE.  3 .  I t  should be pointed out ,  however, t h a t  t h e  

answers obtained might be d i f f e r e n t  i f  t h e  summation s igns  of 

eqn. (1) were replaced by i n t e g r a l  s igns ,  and i f  t h e  photon 

i n t e n s i t i e s  a t  the lower energies  were not  assumed t o  be zero 

as i n  t h e  preserlt case. 

has so far precluded t h e  s a t i s f a c t o r y  xeasurement of photon 

i n t e n s i t i e s  i n  tha t  e n e r t y  region, although t h e  schemes refer- 

r ed  t o  i n  sec t ions  2(b) and 2(c) below show promise of b e t t e r  

r e so lu t ion  a t  low k-values . 

Presence of  no ise  a t  low pulse-height 

For ionization-type de tec to r s ,  t h e  usua l  ener 'g  charac- 

ter is t ic  is f l a t  down t o  0.1 MeV a t  least and t h e r e a f t e r  rises 

o r  fa l l s  by not  more than  50%. For  such an energy-characteris-  

t i c  t h e  r a t i o  E i / E t  a l s o  d i f f e r s  neg l ig ib ly  from one, 

response of t h e  anthracene pulse-counter has  not been f u l l y  

inves t iga ted  as y e t ,  bu t  it follows from general  arguments 

t h a t  s p e c t r a l  d i s t o r t i o n  should not s e r ious ly  inf luence  t h e  

r e s u l t s  i n  t h i s  case e i t h e r .  I t  appears then t h a t  s p e c t r a l  

d i s t o r t i o n  does not prevent rec iproc i ty-pr inc ip le  measure- 

ments i n  t h e  proposed geometries. 

when a rad ioac t ive  organ is  surrounded by a l a r g e  inac t ive  

inass remains t o  be inves t iga ted ,  and may be considerable.  

The 

The inf luence of scatter 

b)  A d i f f e r e n t  da ta  reduct ion  scheme (Hubbell and Sccf ie ld ,  

1958) was a l s o  used as follows: 

The system gain was var ied  during the  measurements so 

t h a t  t h e  t o t a l  absorption peak of each c a l i b r a t i o n  nucl ide 

l a y  i n  t h e  upper l / 4 t h  of  t h e  usable  pulse-height ranpe. 

The s p e c t r a ,  automatically corrected f o r  backwound and 
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deadtime, were normalized so t h a t :  

a) 

b )  

t h e  photopeak area was t h e  same f o r  all s p e c t r a  

t h e  ( ca l cu lab le )  pulse-heights  corresponding wi th  t h e  

Compton edges E, were i d e n t i c a l  f o r  a l l  primary photon 

energies .  

Subt rac t ion  of t he  photopeak from each normalized spectrum 

Pielded a series of s tandard  Compton continua. 

continua fo r  values of E 

t h e  s tandards,  could be  cons t ruc ted  by in t e rpo la t ion .  On re- 

add i t ion  of photopeaks (whose shapes could be synthesized a t  

a r b i t r a r y  E 

absorp t ion  pulse-height as a func t ion  of E 

l a t e d  continua, pulse-height spectra for  values  of E 

centered on t h e  proposed energy-bins could be constructed 

and were used, a f t e r  appropr ia te  e f f i c i e n c y  normalizat ion,  t o  

c a l c u l a t e  response elements as before.  

The shapes of 

o t h e r  than  those  used i n  ob ta in ing  Y 

knowing both energy-resolution and t o t a l -  Y 
t o  t h e  interpo-  7 

Y 

Three inverse matrices (14 x 1 4 ,  2 1  x 21, 42 x 42)  were 

cons t ruc ted  i n  t h i s  way; i n  each n a t r i x  t h e  bin-width was 

made propor t iona l  t o  t h e  system re so lu t ion  a t  mid-bin energy. 

Photon s p e c t r a  obtained by app l i ca t ion  of t h e  1 4  x 14  and 

21 x 21 matrices t o  t h e  pulse-height spectrum of a water- 

immersed Sc-46 po in t  source,  a r e  shown i n  F ie ,  5. 

photon i n t e n s i t y ,  t y p i c a l  of t h e  i n s t a b i l i t i e s  brou$stabout by 

undue narrowing of  bindwidths, appears i n  t h e  spectrum ob- 

t a ined  by using t h e  21  x 21 a r ray .  

po la t ions  used i n  cons t ruc t ing  t h e  matrices no doubt con t r i -  

bu te  also to  such false r e s u l t s  and a means of generat ing 

mnoenerge t ic  r ad ia t ion  of continuously va r i ab le  E 

be  extremely valuable; methods based on s e l e c t i v e  Compton 

A negat ive  

The r a t h e r  uncer ta in  i n t e r -  

would I 
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s c a t t e r i n g  and on crystal d i f f r a c t i o n  have been proposed i n  a 

recent  request  f o r  renewal of support .  

being constructed t o  i n v e s t i g a t e  t h e  e f f e c t  of back-scat ter  

Equipment is  a l s o  

peaks on unscrambling accuracy. 

The unscrambling technique of Burrus,  o r i g i n a l l y  w r i t t e n  

f o r  an I B M  3090 machine, has been modified for  use with t h e  

IBM 1410 computer ava i l ab le  i n  t h e  Kedical College. 

Burrus technique, descr ibed i n  a number of papers (e.g. 

Burrus and Verbinski, 1963; Burrus, 19651, seeks t o  c a l c u l a t e  

t h e  pulse  output  of an "ideal" analyzer ,  def ined as one which 

gives  a simple Gaussian d i s t r i b u t i o n  (unaccompanied by a 

Compton t a i l )  f o r  each gamma-ray energy. 

spectrum is n o t  t h e  r e N m d  photon d i s t r i b u t i o n  and a t  f i r s t  

s i g h t  appears t o  be  no more than a u s e f u l  approximation t o  it. 

Burrus shows, however, t h a t  it is  unpro f i t ab le  t o  seek a more 

exac t  s o l u t i o n  t h e  greater d e t a i l  of t h e  methods already d is -  

cussed is more apparent than real, be inp  achieved a t  t h e  ex- 

pense of inaccuracies  which f i n a l l y  l ead  t o  i n s t a b i l i t y  (as 

i l l u s t r a t e d  by t h e  2 1  x 21 result of Fig. 5) i f  more d e t a i l  

is sought than  t h e  analyzer  i s  inherent ly  capable of revea l ing .  

The Burrus method, i n  essence,  f i nds  a set of coef f ic ien t :  

I 
c )  

The 

The r e s u l t i n g  

and t h a t  

A 

which w i l l  permit t h e  response funct ions o f  an i d e a l  einalyzer 

t o  be  synthesized by combining the  observed response-functions 

K (see SRl, page 2)  of t h e  non-ideal instrument a c t u a l l y  used. 

Knowledge of the  coe f f i c i en t s  permits t h e  c a l c u l a t i o n ,  within 

I 

I 

s p e c i f i e d  confidence limits, of t h e  output which would be 

given by an ideal spectrometer,  The ca l cu la t ions  r equ i r e  

t h e  s o l u t i o n  of a matrix equation involving t h r e e  matrices 

( i d e a l ,  non-ideal, observed) and are no less t ed ious  than t h e  
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normal unfolding approach, but have the  advantage t h a t  o sc i l -  

l a t i o n s  a r e  excluded and t h a t  t he  confidence l e v e l s  are known. 

I n  i t s  new form, t h e  program contains  some 110 Fortran 

i n s t r u c t i o n s  and severa l  read-in sub-routines. 

requi res  modification of t h e  computer's processor  programs, 

since d i s c  s torage  - which has not been previously used for 

such purposes i n  t h e  College - is ca l l ed  for; t h e  method w i l l  

be appl ied to  experimental spec t r a  as soon as these  changes 

are complete. 

Operation 

3. Chemical Inves t iga t ions :  

As s t a t e d  i n  SIU, development of  new chemical methods is  not  a 

primary objec t ive  of t h i s  p ro jec t  and work has  been l imi t ed  t o  t h e  use of 

well-known techniques. 

of the  Fricke-Morse dosimeter. 

systems - and of another var ian t  using benzoic ac id  s t a b i l i z a t i o n  - is 

reported below; a descr ip t ion  of  another  s tandard method (aqueous benzene 

system) which has been brought i n t o  use is a l s o  given, 

The previous r epor t  out l ined work on th ree  va r i an t s  

The s t a t u s  of these  modified f e r r o u s - f e r r i c  

a) Sodium thiocyanate complexing: Although the  spectrophotometry 

of  sodium thiocyanate complexes is  a standard a n a l y t i c a l  method 

f o r  ferr ic  ion determination, w e  have found i ts  use i n  dosime- 

t r y  t o  be complicated by t h e  formation of  an i n t e r f e r i n g  

ferrous-ion complex and f o r  t h i s  reason, measurements have not 

been taken beyond t h e  preliminary s t age  reported i n  SRl. 

b)  ltTirontl complexing: The red o r  blue complexes formed, i n  b a s i c  

o r  ac id  media respec t ive ly ,  by the  organic  reagent "Tiron" 

(disodium-1,2-dihydroxy-benzene-3,5-disulphonate) have been 

used by Yoe and Armstrong (1944) i n  extremely s e n s i t i v e  

determinations of i ron  (111) (0.3 ppm) and t i t an ium (IV) 
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(5 x ppm). The exceptional dosimetr ic  s e n s i t i v i t i e s  

evidenced by t h e  v i s i b l e  changes observed (SRl, page 4) a t  

dose l e v e l s  of order 150 rads have proved i l l u s o r y ,  however, 

s ince  a l l  so lu t ions  of t h e  same composition have been found t o  

reach t h e  same o p t i c a l  densi ty  a f t e r  an equ i l ib ra t ion  period 

of about 30 minutes, i r r e s p e c t i v e  of  t h e i r  r a d i a t i o n  h is tory .  

The mechanism, considered p l aus ib l e  by Yoe ( p r i v a t e  cornmunica- 

t i o n )  i n  whose o r i g i n a l  work only trace amounts of Fe(I1) w e r e  

p resent ,  is oxidat ion of Fe(I1)  by excess Tiron,  t h e  r e s u l t i n g  

Fe ( I I1 )  then complexing with the remaining Tiron. 

c) o-phenanthroline complexing: Spectrophotometry of  fe r rous  

ortho-phenanthroline complexes is, l i k e  t h e  thiocyanate  method, 

a s tandard procedure f o r  determination of i ron  i n  trace amounts. 

Proposed as a de tec tor  f o r  t h e  Fricke-Morse system by Fortune 

and Mellon (1938) and developed f u r t h e r  by Bouziges and o thers  

(19611, it has t h e  advantage i n  p r i n c i p l e  t h a t  chemical after- 

effects (see ( d )  below) are avoided i n s o f a r  as t h e  quant i ty  of 

unchanged ferrous ion is  determined and t h e  pos t - i r r ad ia t ion  

behavior of t h e  f e r r i c  ion is o f  l i t t l e  importance because of  

t h e  r e l a t i v e l y  low concentration. 

s a t i s f a c t o r i l y  a t  high doses but  a t  t h e  low doses i n  which w e  

are i n t e r e s t e d ,  t h e  change i n  Fe(I1)  concentrat ion is  so small 

i n  comparison w i t h  t he  i n i t i a l  value t h a t  accurate  measure- 

ment is impossible. 

f u l  i n  t he  high dose range, is of  l i t t l e  i n t e r e s t  f o r  t he  

purposes of t h i s  pro jec t .  

We have operated t h e  system 

Thus t h e  method, though undoubtedly use- 

d)  Ferrous sulfate-benzoic ac id  system: The four th  Fricke-Morse 

va r i an t  inves t iga ted  is  one employing M f e r rous  s u l f a t e  



. 
.) 

and M benzoic a c i d  i n  1.0 N su l fu r i c  acid.  B a l k w e l l  and 

Adams (1960) who or ig ina ted  t h e  system, r e p o r t  a much increased 

s e n s i t i v i t y ,  t h e i r  measured G v a l u e  a t  cobalt-60 energ ies  being 

62.8 molecules/100 e V  compared with 15.4 i n  t h e  unmodified 

Fricke-Morse system; auto-oxidation is  also s i g n i f i c a n t l y  inh i -  

b i t e d ,  apparent ly  through formation of a f e r r o u s  complex. 

Although w e  have been able t o  d e t e c t  doses of order  25 rads  with 

ease, for  both cobalt-60 gamma-rays and 300 kV x-rays, t h e  

r ep roduc ib i l i t y  is  poor from one exposure "runtt t o  another  

and we have been unable t o  dup l i ca t e  t h e  - +1% prec i s ion  which 

Balkwell and Adam claim t o  be poss ib l e  a t  absorbed doses of 

30 rads.  

s a t u r a t i o n  up t o  t h e  h ighes t  dose-levels w e  have employed 

(/J2000 rads). 

between one set of exposures and another  are due t o  post-  

i r r a d i a t i o n  aging, t o  temperature v a r i a t i o n s  o r  t o  some o t h e r  

cause has not y e t  been thoroughly inves t iga ted .  

The l i n e a r i t y  is e x c e l l e n t  with no evidence of 

Whether t h e  s e n s i t i v i t y  f l u c t u a t i o n s  experienced 

The system, i n  s p i t e  of t h e  d i f f i c u l t i e s  encountered, 

is  a t t r a c t i v e  because of i t s  s e n s i t i v i t y  and also because it is  

simple t o  operate,  r equ i r ing  only a s i n g l e  easi ly-prepared 

d i s t i l l ed -wa te r  so lu t ion  and a spectrophotometer set a t  304 mp. 

e) Aqueous-benzene system: The well-known aqueous-benzene dosimeb 

t e r  descr ibed by Day, S t e i n  and Weiss (1949) measures t h e  

absorbed energy i n  terms of t h e  quan t i ty  of phenol produced 

dur ing  i r r a d i a t i o n  of s a t u r a t e d  benzene so lu t ions .  

t ages  of t h e  system (Johnson 

s t a b i l i t y ,  t h e  f e a s i b i l i t y  of  using r e l a t i v e l y  impure reagents  

a d  t h e  non-corrosive na ture  of t h e  so lu t ions .  The G-value - 

The advan- 

and Martin, 1962) include 
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about which t h e r e  i s  some uncer ta in ty  - is about 2.4 molecules 

pheno1/100 eV. The phenol is  determined spectrophotometr ical ly  

e i t h e r  d i r e c t l y  at  595 

dard a n a l y t i c a l  technique (Gibbs, 1927) of complexing with 

BE ( n e b ,  1961) by using t h e  s tan-  

2,6-dibromo-n-chlorobenzoquinoneimine,thereafter determining 

t h e  absorbance a t  650 mp; i n  t h i s  method t h e  u l t imate  s ens i t i -  

v i t y  is repor ted  to  be about 10 rads. 

Our work almost exac t ly  dupl ica tes  Klein's  technique. 

The i r r a d i a t e d  benzene so lu t ion  (0.021 M a t  2OoC) is  allowed 

t o  s tand  f o r  24 hours, whereupon it is buffered a t  pH 9.5 and 

t h e  quinoneimine reagent added. After a f u r t h e r  24 hours t h e  

b lue  complex is ext rac ted  with n-butyl a lcohol  and t h e  absorb- 

ance determined. Measurements on complexes formed i n  phenol 

so lu t ions  of known concentrat ion permit determination of t h e  

phenol l i b e r a t e d  i n  t h e  i r r a d i a t e d  sampae, f r o m  which t h e  

absorbed dose is ca lcu lab le ,  knowing t h e  phenol Gvalue .  

L inear i ty  i s  exce l len t  i n  t h e  low dose range examined by 

us (-42000 rads  max) but  as i n  t h e  case of  t h e  ferrous-benzoic 

system, t h e  r ep roduc ib i l i t y  is  poor. 

temperature, e t c . ,  a r e  now being s tudied ,  bu t  i n  general  t h e  

The effects of aging t i m e ,  

system holds l i t t l e  promise for rou t ine  use because of its 

tedium and complexity. 

t h e  system aginst  t h e  Fricke-Morse dosimeter is being attempted, 

In  t h i s  connection, t h e  c a l i b r a t i o n  of 

thus  giving t h e  dose d i r e c t l y  i n  terms of butyl-phase absorbance and 

e l imina t ing  the  a d d i t i o n a l  inaccuracies  of phenol s tandard 

preparat ion 

4. Omnidirectional I r r ad ia t ion :  

Phanmm mount: The o r i g i n a l  phantom mounting (Fig.  2 of SRl) per- 

mitred mtatior; & s ~ t  two mutually perpendicular axes only ,  and the  
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r o t a t i o n  spzed could n o t  be made t o  follow any predetermined t ime-pattern.  

These l i m i t a t i o n s  precluded flux anisotropy measurements which, with t h e  

equipment then a v a i l a b l e ,  demanded mul t ip le  observat ions while t h e  phan- 

tom success ive ly  occupied a s e r i e s  of accurately-known angular pos i t i ons .  

Further ,  t h e  system d id  not allow s tudy  of two-dimensional asymmetry 

( s z e  footnote ,  page 15) and f o r  t h e s e  reasons an e n t i r e l y  new manipulator 

was constructed (Fig.  6). 

The three-poin t  l e v e l l i n g  t a b l e  previously used has  been rep laced  by 

a quadrupod of welded s t e e l  cons t ruc t ion ,  having a t  i ts  c e n t e r  a cy l ind r i -  

cal steel  bushing i n  which a 4" diameter s h a f t  is  supported v e r t i c a l l y  by 

l a r g e  ba l l - races .  

ca r r i age  of 5' r ad ius  is  at tached t o  t h e  s h a f t ,  i t s  weight  being taken by 

a 5" t h r u s t  bearing. 

azimuth ("yaw") through 360O. 

fo rk  of steel  I-beam cons t ruc t ion  whose "handle" rotates i n  a s l eeve  pro- 

vided with bal l -bear ings.  

REMCAL man-like phantom ( s e e  SR1, page 5) can be posi t ioned.  

ments permit  t h e  phantom t o  rotate about an axis l y i n g  i n  t h e  coronal  

plane - a motion w e  s h a l l  descr ibe as "ro l l ing"  - trh?lir. s a g i t t a l  r o t a t i o n  

or "pitching" i s  simultaneously provided by neam of  a t h i r d  axle mounted 

i n  bear ings a t tached  t o  t h e  fo rk  prongs. 

dr iven by 1 / 8  hap .  variable-spsed DC motors, operated from phased-thyratron 

cont ro ls .  

even with c a r e f u l  balancing, v a r i a t i o n s  i n  load during phantom r o t a t i o n ,  

coupled with excessive non- l inear i ty  of speed con t ro l  a t  high loads ,  

necess i t a t ed  replacement by a 1/2 h.p. DC motor whose speed is var ied  by 

a s i l i con -con t ro l l ed  r e c t i f i e r  dcvice. 

A supe r s t ruc tu re  cons i s t ing  of a counterweighted 

T h i s  arrangement permits  t h e  carriage t o  rotate i n  

The c a r r i a g e  bears  a horizontally-mounted 

The fo rk  i n  t u r n  supports  a seat i n  which t h e  

These a r r a n g e -  

Ro l l  arid p i t c h  movements are 

The yawing d r ive  was o r i g i n a l l y  providsd by a similar mctor bu t  

Phantom o r i e n t a t i o n  i n  a l l  three planes of  r o t a t i o n  is remotely 

ind ica t ed  by se l syns ;  t h e  repea ters  are provided with r e s e t t a b l e  r evo lu t i cn  
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counters  whose i n d i c a t i o n  is  independent of r o t a t i o n  sense. 

con t ro l  l eads  are brought t o  a con t ro l  panel  (Fig.  7)  by a s l i p - r i n g  

system employing 26 ring-brush p a i r s  a t  t h e  main c o l l e c t i n g  poin t .  

manipulator is mounted i n  a la rge  metal drip-tank and a m b i l e  l iqu id-  

handl ing system using a p e r i s t a l t i c  pump has been b u i l t  f o r  f i l l i n g  pur- 

poses e 

successfu l ly  - t o  minimize s p i l l a g e .  

track-mounted d o l l y  providing a l l  movements ( inc lud ing  angling). 

Drive and 

The 

"Swagelok" quick-disconnect couplings are used - n o t  a l t o g e t h e r  

The E-detectors are supported on a 

The phantom assembly is housed i n  a heavi ly-shielded s u i t e  designed 

t o  house a l i n e a r  acce lera tor .  

r o o m ,  separa ted  from t h e  a c c e l e r a t o r  space by a 4I- thick concrete  w a l l  

with motorized s a f e t y  door. 

remote pan-and-ti l t  u n i t ,  b u i l t  i n  the departmental  shops, permits sur- 

ve i l l ance  of t h e  e n t i r e  r ad ia t ion  a r m .  

mantled i n  December 1965 and re-erected a t  NASA-SREL i n  connection with 

t h e  opening ceremonies the re .  It has s ince  been assembled once more a t  

t h e  Medical College . 

Controls are s i t u a t e d  i n  an ad jo in ing  

A c losed-c i rcu i r  T,V. system incorpora t ing  a 

The e n t i r e  equipment was d i s -  

Since,  i n  add i t ion  t o  the f e a t u r e s  desc-ib-d, s?eed-progrdmming about 

any r o t a t i o n  a x i s  is poss ib le  ( s e e  below; a m . x - < ; ~ L ~ + c x  cf except ional  

v e r s a t i l i t y  with app l i ca t ion  i n  r ad ia t ion  therap:? as + r e L  as i n  as t ro-  

n a u t i c a l  work, is now avai lab le .  

has exceeded expec ta t ions  and provis ion of tha  L-scesscry shop time by an 

a l ready  over-extended d iv i s ion  

Additional shop su2port  is  v i t a l  i f  pro jec ted  changes i n  t h e  d r i v e  and 

programming systems (see below) a r e  t o  be conpleted i n  any reasonable time. 

Determination of  energy-absorption i n  a s t a t iona r .  

The expense cf = i n s t r u c t i n g  it, however, 

has a l s o  taxed =v&i lzb le  resources.  

Speed programming: 

body exposed t o  a zenith- ( o r  azimuth-) dependent f l u x  proceeds,  i n  

"reciprocal" (or  conjugate)  experiments, by making t h e  residence time of  

the E-detector, a t  any given angle ,  p ropor t iona l  t o  t h e  i n t e n s i t y  which 
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would be observed i n  t h i s  o r i en ta t ion  i n  t h e  actual exposure which t h e  

inverse  experiment seeks t o  simulate; i n  p rac t i ce ,  because it is n o t  easy 

t o  d r ive  t h e  E-detector over a s p h e r i c a l  surface i n  t h e  l imi t ed  space 

ava i l ab le ,  t h e  d e t e c t o r  is instead held stationary while t h e  body is 

r o t a t e d  so t h a t  the des i red  pa t t e rn  of r e l a t i v e  motion is obtained. To 

permit i nves t iga t ion  o f  v i r t u a l l y  any a n a l a r  f lux-pat tern , each motor 

can be connected to a "Data-Trak" electrostatic curve-follower which 

governs t h e  speed i n  accordance with a graph of speed-set t ing VS. t i m e .  

The requi red  speed program is  obtained as follows: 

Suppose t h a t  t h e  dependence of i nc iden t  i n t e n s i t y  on zeni th  angle* 

is f ( e )  than t h e  a n j p l a r  dr ive-veloci ty  should vary as l / f ( e  
time a t  angle 8 is t o  follow f(f3). 

motors, however, l / f ( 0 )  m u s t  be known as a func t ion  of time r a t h a r  than  of 

angle.  

i f  the  dwell 

To signal values  of l/f(e) t o  t h e  

The requi red  time-dependence is found by making use of 

tpj = jepu 3 ( 2 )  

where t(e) is t h e  time taken t o  reach a zeni th  angle  

a t  time t ( 0 )  sets t h e  speed a t  l / f ( e )  w i l l  d r ive  t h e  motors su i t ab ly .  

Non-linearity of t h e  motor spced c h a r a c t e r i s t i c  must be taken i n t o  account 

i n  p l o t t i n g  t h e  curve-follower program as must t h e  imposs ib i l i ty  of 

reducing t h e  motor speed t o  zero. 

add a constant-speed component whose cont r ibu t ion  t o  t h e  measured E-value 

pe r  cycle  can, however, be subt rac ted  ou t  i n  con t ro l  experiments. 

8; a s i g n a l  which 

The l a t te r  f a c t o r  makes it necessary t o  

*Defined with r e spec t  to some a r b i t r a r y  axis wi th in  t h e  phantom. Su i t ab le  

choice of re ference  axis permits i nves t iga t ion  of c f o r  d i f f e r e n t  astro- 

naut  a t t i t u d e s ,  while t h e  effects of  two-dimensional f l ux  asymmetry can 

be s tud ied  i f  the  phantom is r o t a t a b l e  about t h r e e  axes, as i n  t h e  

r;reser?+ case * 
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The i n t e g r a l  (2 )  above, always ca lcu lab le  numerically,  i s  w e l l  

known i n  c e r t a i n  cases. 

( n o t  f l ux )  w ,  superimposed on a constant  r o t a t i o n  w,,we r equ i r e  t o  p l o t  

tDcos9) which is the  curve-follower s e t t i n g  necessary t o  produce 

Thus fo r  a cosine-dependent angular  ve loc i ty  

(wo + 

a motor speed (tuo + wcos8), versus 

which is  t h e  time requi red  t o  t u r n  through an angle  e. 

a program f o r  a s i n g l e  r ight-angle  turn.  

Fig. 8 shows such 

Poor motor regula t ion ,  t h e  considerable  i n e r t i a  o f  t h e  phantom 

ca r r i age  and t h e  f i n i t e  recyc l ing  time of t h e  curve-follower produce 

e r r o r s  which are cumulative - an inherent  disadvantage of t h e  t i m e -  

p rograming method. 

reached a t  a programmed t i m e  t ( e )  is ( e  + A€)) i n s t ead  of e ,  then t h e  

programmer w i l l  a t  t h a t  i n s t a n t  impress a speed propor t iona l  t o  l / f ( O )  

r a t h e r  than t o  l / f ( 8  + 
phase-shift  which is  d i f f i c u l t  t o  e l iminate  unless  very accura te  speed- 

con t ro l  is obta inable  a t  high motor powers. For t h i s  reason, another 

system is being constructed,  r e l y i n g  on servo-devices which sense t h e  

instantaneous angle  and set the  d r ive  speeds accordingly.  

If, f o r  one of t h e  reasons quoted, t h e  angle  

- 

A6) as required.  The result is a f l u c t u a t i n g  - 

5. Sundry Inves t iga t ions  : 

E-detectors: Although the  r e s u l t s  obtained with t h e  NaI(T1)  spec- 

are e s s e n t i a l  i n  i n t e r p r e t i n g  t h e  trometer descr ibed on page 1 

readings of t h e  E-detectors ac tua l ly  used, t h e  d&e i tself  is 

t o t a l l y  unsui tab le  f o r  E-measurements because t h e  a t tenuat ion  

c o e f f i c i e n t  of  t he  c r y s t a l  mater ia l  changes too  quickly w i t h  

energy (Whyte, 1959). Three types of  E-detsotors have been 
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s tud ied  

a)  

b) 

Geiger-Mhler probes : 

probes and t h e  influence of  spectral d i s t o r t i o n  on exposure 

measurements made with them, have been discussed on page 5. 

Their p r i n c i p a l  disadvantage is t h e  d i f f i c u l t y  of d i r e c t  

c a l i b r a t i o n  i n  f i e l d s  of widely d i f f e r i n g  i n t e n s i t i e s ,  

s i n c e  t h e  ava i l ab le  range of count-rates is l imi t ed ;  fo r  

example, exposure t o  h igh- in tens i ty  x-ray f i e l d s  - t h e  only 

simple means a t  low quantum energ ies  of r e l a t i n g  response 

t o  t h a t  of chambers with c a l i b r a t i o n s  t r aceab le  t o  t h e  

National Bureau of Standards - is f o r  a l l  p r a c t i c a l  purpos.-s 

impossible. 

nique (page 5 )  is be ing  developed. 

Comparison chamber: 

l u c i t e  chambers, which were abandoned because of un re l i ab le  

e lectr ical  cont inui ty ,  t h e  metal cons t ruc t ion  shown i n  

Figs.  9 and 1 2  was adopted, although the  energy dependence 

is  less favorable.  

V a n  Dilla, is intended t o  permit use with a l i q u i d  decane 

f i l l i n g  i n  order  t o  inc rease  t h e  s e n s i t i v i t y  (S tahe l ,  1923; 

Van Dilla, 1951) b u t  t h e  f i l l i n g  has proved unnecessary i n  

t h e  comparison work. 

i zed  vol tage supply and i t s  output  is measure6 by means of 

a Keithley Model 610B electrometer  yeading from t h e  ampere 

range down t o  1 0 - 1 4 A  fu l l - s ca l e ;  a 10-14A bucking source is 

also ava i lab le ,  The chamber is f u l l y  sa tu ra t ed  a t  75 v o l t s  

for  a l l  exposure-rates so f a r  inves t iga t ed  and t h e  response 

is  p r a c t i c a l l y  independent of t h e  angle of incidence except 

The energy-dependence of t h e s e  

For t h i s  reason, t h e  comparison chamber tech- 

After experiments with graphited- 

The long-stem design, fol lowing t h a t  of 

The chamber is operated f r o m  a s t a b i l -  

-17- 



within a cone of semi angle NISO l y i n g  along the  stem 

d i rec t ion .  

tance i n  small-dis tance c a l i b r a t i o n s  us ing  low-act ivi ty  

nuc l ides ,  is  exce l len t  down t o  20 cm; t h e  stem curren t  is 

neg l ig ib l e  because of the  guard-ring cons t ruc t ion ,  

Inverse-square behavior,  which may be of impor- 

Work on t h e  chamber energy-response, with a view i~ C a l i -  

b r a t i o n  of t h e  anthracene de tec to r  (below) is proceeding. 

c) Anthracene Detector: Anthracene and similar organic  s c i n t i l -  

la tors  are known (e.g. Whyte, 1959) t o  give r e l a t i v e l y  energy- 

independent 

1964) a p l a s t i c  material of  t h i s  type (Nll/x-ray,  aow 

marketed as NE102) has been shown t o  be usable  as an in tegra-  

t ed - l igh t  de tec tor  down t o  80 keV. 

e x c e l l e n t ,  a photomult ipl ier  with an anode s e n s i t i v i t y  of 

200 A/lumen giving cu r ren t s  of order  10'8A per mrad/hour 

when coupled a t  moderate e f f i c i ency  t o  a c y l i n d r i c a l  phosphor 

1" long x 1/2" diameter. 

r e l y  on electrometric techniques and are the re fo re  subject 

t o  d r i f t ,  while t ime-integrat ion and background suppression 

are also troublesome. For t h i s  reason t h e  d e t e c t o r  now t o  

be descr ibed i s  operated i n  t h e  pulsa  mode, as i n  t h e  Hurst  

neutron dosimeter (1953). 

responses and i n  previous work (O'Foghludha, 

The s e n s i t i v i t y  is also 

However, t o t a l - l i g h t  observat ions 

In  pulse-counter dosimetry, the  energy-deposition i n  t h e  

c r y s t a l  mater ia l  - and hence the exposure a t  t h e  crystal  

pos i t i on  - is  found by eva lua t ing  t h e  i n t e g r a l  

where N(E)dE is the number of i n t e r a c t i o n s  lead ing  t o  an 
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energy-transfer  i n  t h e  range E t o  (E + d E ) c  

can be formed from t h e  pulse-height spectrum by s c a l i n g  t h e  

ana lyzer  clock-pulses o r  more simply by hand mul t ip l ica t ion .  

Separate  t ime-integrat ion of s i g n a l  and dark cur ren t  pu l se s  

is now poss ib l e  and sub t r ac t ion  of t h e  background becomes 

easy - i n  fact, with t h e  SCIPP ana lyzer ,  t h e  a r i t hme t i c  can 

be  performed automatical ly;  d r i f t  prablerrs are also very much 

reduced. 

The i n t e g r a l  

Construction of t h e  de t ec to r ,  which is based on an EM1 

9524B 1" diameter photomul t ip l ie r  working i n t o  a Victoreen 

preampl i f ie r ,  i s  conventional. 

sures 2 cm diameter x 2 crn long  approximately and is provided 

with a c a l i b r a t i o n  window through which monoenergetic ( i n t e r -  

n a l  conversion) e l ec t rons  can be admitted.  

and background spec t r a  are shown i n  Figs. 10(a)  and (b) .  

The anthracene c r y s t a l  mea- 

Typical signal 

Cal ibra t ion  of t h e  de t ec to r  aga ins t  NBS-certified cham- 

The inf luence  of phosphor composition b e r s  is  now underway. 

and shape w i l l  be inves t iga t ed  i n  t h e  near  future. 

d)  S c a t t e r  i n t e g r a l s :  I n  SIU (page 6) an account was given 

of comparisons made between t h e  Meredith-Nesry (19441, 

O'Foghludha (1959) and Carlsson (1963) methods of a e r g y  

determination, and a new formulat ion 

f o r  t h e  sca t te r - rad ius  func t ion  was reported.  

expression (4) is  s imple r tbamthe  o r i g i n a l  Meredith-Ncary 

representa t ion  using Bessel func t ions ,  it never the less  l e a d s  

t o  r a t h e r  complex s c a t t e r  i n t e g r a l s  and a Wheatley o p t i c a l  

Although 



i n t e g r a t o r  (1951) has the re fo re  been constructed t o  speed 

evalua t ion. 

The i n t e g r a t o r  (Fig. 14) uses an opaque mask i n  which 

is a t r anspa ren t  s e c t o r  whose area between r a d i i  r and 

(r + d r )  is 

t h e  same two r a d i i .  

proport ional  t o  t h e  i n t e g r a l  of (4) between 

The mask is spun i n  f ront  of a s t a t i o n a r y  

cut-out whose shape is the  same as t h a t  of  t he  r a d i a t i o n  f i e l d  

under s tudy;  t h e  mask p ivo t s  about t h e  po in t  i n  t h e  f i e l d  a t  

which t h e  s c a t t e r e d  i n t e n s i t y  is des i red .  

galvanometer arrangement i n t e g r a t e s  t h e  l i g h t  t ransmi t ted  

A photocel l -  

during one revolu t ion  by t h e  combined s t a t i o n a r y  and moving 

cut-outs,  g iv ing  a signal propor t iona l  t o  t h e  required 

i n t e n s i t y .  

A modification of t he  apparatus ,  which w i l l  al low the  

p ivo t  po in t  of the r o t a t i n g  mask t o  be dr iven  continuously 

across  t h e  f i e l d  cut-out while t h e  galvanometer output  is 

simultaneously recorded, is under construct ion.  This 

arrangement permits t h e  v a r i a t i o n  of s c a t t e r e d  i n t e n s i t y  

across  any chord of t h e  f i e l d  t o  be p l o t t e d  automatical ly .  
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Fig. 1 

S l a b  phantom, with s c i n t i l l a t i o n  d e t e c t o r  used 
i n  e s t i m a t i n g  photon spectra 
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Flg.2 : Pube-hdght 8p.ctXm o b t h d  from scatter-free (broken 
c m )  and thick (8olid She) Zn 65 sourcm. 
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Fig. 3’: Photon spectrum obtained with 8 x 8 unscrambling matrix 
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Fig .  4 

Response of Geiger-Malm counters w i t h  a l d n u m  
(dashed cume) and copper (solid curve) cathodes. 
After Sinclair ( 1950 . 
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Pulse-height spectrum (broken curve) obtained from Sd46 under 
scat ter ing  conditions, with photon spectrm (unshaded histogram) 
obtained by unscrambling with 14 x 14 matrix; the shaded his to-  
gram was obtained by using a 21 x 21 array. 



Fig. 6 

General. view of phantom system 

B m-‘” I 
r; 

Fig. 7 - 
Mulxichannel ana lyze r  and phantom control system 



Fig. 8 

Typical control  program i n  which the  required motor speed s e t t i n g  
(horizontal a d s )  is plotted as a function of time ( v e r t i c a l  ax i s ,  
time increasing downwards). 
mark,has been inked i n  here for c lar i ty .  

The program line,which is a graved 
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Signal  (background sub t r ac t ed )  from 0.513 MeV Sr8’ gamma-rays, i n c i d e n t  
on anthracene c r y s t a l .  
t i c a l l y , =  w e l l  as hor izonta l ly .  

The sca l e  ( d e s p i t e  t h e  graticule) is l i n e a r  ver-  

Fig. 10(b)  

Background which was subtracted from spectrum of Fig. lO(a> .  
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Fig. 11 

Calibration set-up for  E-detectors. 
cathetometer and the electrometer system are at  a considerable distance 
from the source, to minimize observer exposure, 
used i n  measuring angular sensitivity-dependence. 

In pract ice  both the horizontal 

The circular board is 

Fig. 12 

Anthracene detector ( l e f t ,  with crysta i  removedj and compwison chs,&er 
( r ight ,  partly disassembled). 
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Fig. 14 

The Wheatley i n t e g r a t o r .  
housing, first condenser l ens ,  f i e l d  mask ( h e r e  a t r i a n g l e )  r o t a t i n g  
s e c t o r  mount, second condenser l e n s ,  pho toce l l ;  t h e  readout  galvanometer 
is on t h e  r i g h t ,  t h e  lamp br igh tness  and motor speed c o n t r o l s  on t h e  
l e f t .  

From t h e  t o p  downwards can be seen t h e  lamp 


